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SPECIAL PROGRAMS FOR ANALYSIS OF RADIATION

BY WIRE ANTENNAS

Bradley J. Strait, Tapan Sarkar, and Dah-Cheng Kuo
Syracuse University, Syracuse, New York

ABSTRACT

Two user-oriented computer programs are presented ind described.

The first is suitable for handling efficiently typical analysis and

design problems involving linear arrays of parallel 'hin-wire antennas.

The second is designed to enable efficient analysis of radiation from

vertical wire antennas over systems of radial ground wires. Examples are

given to illustrate various applications of both programs. Special atten-

tion is devoted to use of the first program together with a standard opti-

mization procedure to design linear arrays of wire elements with unequal

spacings and/or unequal wire lengths.
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1. INTRODUCTION

This report has three objectives. The first is to present and describe

a user-oriented computer program suitable for handling typical radiation

problems involving linear arrays of parallel thin.-wire antennas. This pro-

gram assumes that the wires are all cf the same radius, although they may

be of different lengths. It is also assumed the wires are centerfed with
i feed points all in the same plane and that the wires are lossless with no

externally applied loading. The progran is based on an analysis procedure

suggested by Harrington and represents an application of the method of

moments. [1,2] Within Harrington's general formalism the subsectional

piecewise sinusoidal functions suggested by Richmond [3] are used for both

expansion and weighting resulting in a Galerkin solution to the analysis

problem. The corresponding computer program presented here appears to have

an advantage with respect to convergence over previous programs, [4,5] that

were based on other sets of expansion and weighting functions. This appears

especially true for radiation problems involving unloaded thin wires near

resonant lengths. The program is described in Chapter 2 of this report and

is characterized by very simple data input requirements. The progrim list-

ing is included in Appendix B.

A second o1, ative of this report is to demonstrate use of the program

described above "gether with an appropriate optimization procedure to treat

some typical optimization and design problems of interest. These include de-

sign of unequally spaced arrays to provide equal sidelobe patterns, selec-

tion of wire lengths and interelekent spacings to optimize array directivity,

and reduction of pattern sidelobes through adjustments of wire lengths.

Results for several typical problems are included in Chapter 3 along with a

discussion of the optimization procedure used.

The third objective of this report is to present a modified version of

a user-oriented computer program that was presented in an earlier Scientific

Report (4] together with some results of its application. This program is
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anc:'her example of use of the Galerkin procedure in that subsectional

piecewise linear (triangle) functions are used for both expansion and

weighting. The initial program was written specifically to analyze

radiation and scattering by complicated configurations of arbitrarily

bent and interconnected thin wl s. As yet, however, data have only

been presented for certain -e-cross scattering problems [5,6] and for

certain radiation problems involving rectangular and circular wire loops, j
double-V antennas, and symmetrical-T antcnnas. (5,71 The modified pro-

gram presented here is useful for handling certain situations involving

special symmetry such as vertical wire antennas over radial wire (counter-

poise) systems. As mentioned earlier, examples of its use are included.

The program is described in Chapter 4, and the listing is presented in

Appendix C.

2. THE NNALYSIS PROGRAM

2.1 Summary of the Method

The details of Harrington7s general method of analysis as applied

to thin-wire antennas are readily available elsewhere. [1,2] It is

assumed here the wires are thin and that current flows only in the axial

direction of eacy , Current and charge densities are approximated by

filaments of current and charge on the wire axes. The boundary condition

regarding the tangential component of the electric field at the wire sur-

faces is satisfied (approximately) by requiring that the axial component

vanish at the surface of each wire. In the subsectional approach used

here each wire is thought of as divided into a number of short segments

or subsections connected together. The integrodifferential equation

characteriting the analysis problem is then reduced to a matrix equation

of the form

(I] (M)
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by expanding each wire current in a seq.ence of subsectional expansion

functions where each is nonzero only over a small portion of a wire;

that is, over a small number of subsections. There are many useful

choices of sets of expansion functions, and mr;i nave been investigated

in detail [1,2]. For the program p- tsented here the piecewise sinusoidal

functions suggested by Richmond are used, and these are depicted in Fig. 1. [3]
1

L ~ (a) Sinusoidal function /', 1

0
P P P P P
1 2 3 4 5 6

(b) Piecewise sinusoidal approximation

Fig. I - Subsectional bases and functional approximatioa'.

In order to compute the elements of the matrices in (1) by the method

of moments it is necessary to define a set of testing or weighting functions

in addition to the current expansion functions used. If the same functions

are used for both expansion and testing then the result is known as a Galerkin

solution to the analysis problem. This is the procedure used here.

With reference to Fig. 1 the nth current expansion function can be written

as (the wires of the array are all assumed to be z-directed)

sin k(z-z)

In (z) 0 z sin k(zzn- z nk (Zn-n- l)

(2)

sin k(z I - z)

z sin k(n+1 - zn ) n - n+l
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where z is the cbvious unit vector and k - 21/A. The field corresponding

to this single current function is given by [8]
-JkRl  - kR 2

(z-z )e (z-z)e Sjk "z k(Zn+-ZI

P. = i l n n- -R 2sin a(z-,)nRa, -z_(s n -
R-ik~le- n si- n kn (zn+i-z )

-JkR
(z-z e )(e

n~n

+R osin k(zofthen cre- (3)

-JkR1  sin k(z -Z5

Rn the t  sin s n 1) + r2sin k(zn -zne sin k(zinoz)

-J kR3
e sinusin ((4)
R3 snkzn+l- n

where E land are, of course, the field components normal to and

parallel to the direction of the current element respectively. f I is
n

the complex amplitude of the nth current expansion function, then the total

current of the array can be written as

Formulas for the elements of the matrices in (1) can be found easily
frmthe general La~eory. [1,2,5,9] The matrix [I] is called the current

matrix and is simply a column matrix of dimension equal to the total number

of current expansion functions used. Each element equals the complex

amplitude of the corresponding current expansion function; that is, the

nth element is I *If the total number of expansion functions used isn
denoted by M then [Z] in (1) is a square matrix of dimension M known as

\L i
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the generalized impedance matrix. if E is the vector field produced by the

mth expansion function I (z) then a general fornula for the typical element
m

of [Z] denoted by ZnM is

z z
sin k(z-z - ) sin k(z Z

nm J k(z nZn-1 Z m + sin k(zn-+lZn- z U E Znm . (

Zn-1  zn

Detailed formulas for th3 real and imaginary parts of Z are obtained by

using (4) in (6) and are given in Appendix A of this report in terms of

sine and cosine integrals. The formulas are valid if all segment lengths
(z J-zj-,) are equal along any one wire.

The matrix [V] in (1) is a column matrix of dimension M, and its ale-

ments are related to the excitation of the array. There is an element of

CV] that corresponds to each expansion function. However, it is a3sumed here

that excitation voltages will be applied only at the center points of the array

wires. Hence, the only nonzero elements of [V] are those corresponding to cur-

reait expansion functions that are centered at the midpoints or feedpoints of

the array wires. These nonzero elements are numerically equal to the complex

excitation voltages that are applied. This result is derived directly from

the general formula for [V] by using impulsive excitation functions at the
points described.

Once the elements of [Z] and [V] have been computed the current distri-

bution is found fom (1) by simply inverting [Z]. Input impedances and field

patterns of interest are then determined using straightforward and well-known

matrix manipulations, completing the analysis problem.

2.2 Program Description

In the program printout of Appendix B the main program is listed first

followed by the various subrouines. The example included in the Appendix is

for analysis of a linear array of eight half-wave wires that are half-wavelength

'4' 4 V' .. 4 ,J - ' -
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spaced and all ceterfed with real unit voltages. Required input data

included in the main program are listed as follows:

a) The fifth statement is

AK - TP * (wire radius) (TP = 27r)

which inputs the wire radius in wavelengths. (Recall that all array wires
are assumed to have the same radius.) The wire radius used in the example

included in Appendix B ts 0.007022X.

b)Tetotal ntrmber of wires making up the array is provided with the

sixth statement of the main program. Of course, ior the example considered

this statement in simply N=8.

c) The eighth statement is the first of (2N-1) consecutive data state-

ments providing information on the geometry of the array. The first N of

these a-e typified by Y(I) = (half-length of the jth wire in wavelengths) * TP

where TP is simply 2w as determined in statemen four. The half-lengths of

the wires included in the example of Appendix B are all 0.25X. The next (N-l)

data statements indicate the positicns of the array wires relative to the

first. An example of these is

Y(k) = (distance of the kth wire from the first in wavelengths) * TP

Note that the wires in the array of the example are all spaced one half-

wavelength apart.

d) The purpose of th DO LOOP formed by statements 23-25 of the main

program is to provide information concerning excitation of the array. As

mentioned earlier it is assumed the wires are ali centerfed so that [V] is

a column matrix with each nonzero element equalling the complex excitation

in volts applied at the midpoint of the corresponding wire. In the illustra-

tive example of the Appendix all wires are centerfed with real unit voltages.

e) Part of the computed output is the field pattern of the array taken

in the principal H-plane. This pettern is computed over 1800 of the azimuth

angle centered on the broadside direction. Values are calculated at intervals
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determined by the 26th statement of the main program. The statement MQ-3

shown in the sample printout means that intervals of three degrees are

desired. If it is only necessary to compute the pattern at five degree

intervals of the azimuth angle then, of course, this statement should read

MQ=5.

f) The only other information required is concerned with the number

of current expansion functions that should be used to represent the current

for each array wire. This decision is made by way of statement 40 included

in Subroutine ASCTFD. For analysis probleNs where an accurate representa-

tion of the current is needed to determine correctly input impedances and

other quantities of interest the statement

M= INT(Y(I) - 0.571) + 3

is recommended, where Y(I) is defined in paragraph (c) above. The total

number of expansion functions for the Ith wire is [2(M)-1] so that the

relationship between this number and the wire length L is approximately

0 < L < - . . . 2(MM)-l = 5

2 < L < 0.82X . .. 2(NM)-l = 7

0.82X < L < 1.14X. . . 2(MM)-1 9

and so on.

This seems to be a reasonable choice based on the discussion of convergence

included in Section 2.3 of this report. If, on the other hand, the primary

concern of the user is with pattern characteristics as is the case with the

optimization problems discussed in Chapter 3 then fewer current expansion

functions are needed for each wire and the statement

MM = INT(Y(I) - 0.5 1) + 1

can be used. With this choice the numbers of expansion functions used for

the intervals defined above are 1,3,5,... . Obviously the program user can

make either of these choices or an independent one, depending on the particu-

lar kinds of results sought.
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Normal printed output of the program includes all input data, the Al

current distribution as expeessed by the real and imaginary parts of the

complex amplitude of each current expansion function, input impedances cor-

responding to each feed point, and the normalized electric-fleld pattern

in the principal H-plane together with the normalization constant.

Program operation proceeds roughly as follows: The generalized

impedance matrix [Z] is computed using instructions 53-97 with the obvious

symmetry about the feed points taken into account in order to reduce overall

computation time and storage requirements. This matrix is inverted asing

Subroutine CSMIN, a complex inversion routine authored at the University of

Illinois. The current matrix [I] is determined by forming the matrix product

[I] [Z] - 1 IV] (7)

in Subroutine MULTPY. Finally, the electric-field pattern is computed for

the principal H-plane using instructions 101-120, and the input impedances

correspondinp to feed points are calculated using the DO LOOP of statements

146-152. The FUNCTIONS ZMN ai. ZMl compute mutual terms of [Z] when the

segment lengths of the corresponding wires are unequal and equal respectively.

This is done with the aid of Subroutine SICI made available through the IBM

Scientific Subroutine Package for the purpose of computing the required sine

and cosine integrals Si(x) and Ci(x). The program described here was developed

with an IBM 370/155 computer and storage-time requirements are quoted with the

various examples as they are presented in later sections of this report.

2.3 Comments on the Number of Expansion Functions

The number of current expansion functions that should be used in any

given situation has been an open subject of discussion for some time. It

is clear that requirements vary considerably in this respect depending on

the kinds of results sought. For example, for some pattern synthesis and

optimization problems it may be possible to use as few as say five expansion

functions per wavelength, while in some other situations where careful analyses

of current distributions are required it is advisable to use considerably more,
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say 10-15 expansion functions per wavelength. Thi-, of course, is the

reason for incorporating the special instruction discussed in Section

2f above.

Figures 2-5 illustrate the kinds of results that are obtained as the

numbers of expansion functions are varied for certain, sing.e-wire problems.

First, consider a half-wave centerfed wire of radius 0.007022A. The input

admittance is calculated for this problem using different numbers of current

expansion functions and for two different choices of subsectional expansion

functions. One of these choices involves the piecewise sinusoidal functions

used here while the other involves the piecewise linear (triangle) functions

used for the analysis programs developed earlier to handle arbitrary con-

figurations of bent and interconnected wires. [4] Computed results are shown
in Fig. 2 along with the corresponding experimental data reported by Mack. [10]

Similar results are shown in Figs. 3-5 for longer wires. These and other

available data indicate that the piecewise sinusoidal functions offer somewhat

faster convergence than the functions used with the arbitrary wire program and

also that at least 9 or 10 expansion functions are needed per wavelength to

describe accurately the current distributions encountered in the kinds of

problems considered here. As indicated by Fig, 2 an even larger number may

be advisable for wires near resonant lengths.
Figure 6 provides computed information on the self and mutual admittances

of two, half-wavelength, centerfed parallel wires that are spaced various

distances apart and are both of raeius 0.007022X. As before, data are recorded

as functions of the number of expansion functions used for each wire and also

versus the separation distance d, for both the piecewise sinusoidal and the

piecewise linear cases. Once again, Mack's corresponding experimental data are

included. As before, the data indicate that the piecewise sinusoidal functions

offer relatively rapid convergence and that approximately 10 expansion functions

are needed per wavelength of wire to obtain good results for the current dis-

tributions and input admittances.

.( ...........
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The somewhat faster convergence that characterizes the piecewise

sinusoidal current approximation for problems involving thin wires is

due in part to the inherent shape of the individual expansion functions

used and also in part to the fact that the integrations required to ob-

tain the elements of [Z] can be performed analytically. This is in con-

trast to certain programs based on the piecewise linear current approxi-

mation that incorporate a substantial number of approximate numerical

integrations. The piecewise linear data of Figs. 2-6 were derived using

one of these. It is interesting to note that convergence is significantly

improved even in the piecewise linear case if the integrations required

to obtain [Z] are performed analytically [11].
Another advantage of the formulation used here is that there is no

tendency towards matrix insi-ability as the number of expansion functions
is increased, a difficulty encountered with some other methods available

for handling thin-wire problems.

3. OPTIMIZATION PROBLEMS

3.1 Introduction

In this chapter an optimization procedure is used together with the

analysis program described in the previous chapter to treat certain optimi-

zation and design problems involving arrays of parallel thin-wire antennas.
As mentioned earlier these problems include design of unequally spaced arrays

to provide equal-sidelobe patteLns, reduction of pattern sidelobes through

adjustments of wire lengths, and selection of wire lengths and spacings to

optimize array directilrity. The optimization procedure used is due to
Rosenbrock [12] and represents a modified version of the method of steepest

descent. This method does not rcquire calculation of any derivatives and

is particularly well-suited to automatic calculation by digital computer. 4
The method has been used by other antenna engineers in treating challenging

optimization problems of practical interest.

W
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3.2 Design of Unequally Spaced Arrays

The analysis program presented in the previous chapter has been used

with the optimization method of Rosenbrock (12) to develop a design technique

for linear arrays of unequally spaced, parallel-wire antennas. As before the

wires are assumed to be centerfed and all of the same radius. In this case

it is also assumed that each wire is excited 4ith a real unit voltage, and

that the interelement spacings are symmetrical abou. the array center.

During the course of this investigation several error criteria were

tried in association with the optimization procedure used. Most of these

resulted in relatively poor or slow convergence to acceptable solutions, and

quite often an acceptable solution was never reached within the reasonable

time constraints placed on 'he computer. Of course, the error criterion is

the quantity to be minim.zed as the optimization procedure progresses and the

most successful of those tried is given by

C =i2 IT(1)I2 - IT(i)I2~ (8)
i=2

where T(i) is the peak of the ith sidelobe with T(l) being the peak of the

sidelobe closest to the main beam. (Note that the resulting broadside pat-

term is symmetrical about the main beam since the excitations are uniform

and the spacings are symmetrical about the array center.) The limit p is

simply the number of sidelobes to be controlled on either side of the main

beam. The starting point for the iterative procedure is the pattern of an

equally spaced uniform array with a given number of elements. The result

is an equally excited, unequally spaced array with nearly equal sidelobes.

Of course the design parameters are the interelement spacings, although the
spacing with respect to the array center of the outermost symmetrical pair I
of elements is kept fixed at its initial value so that the beamwidth will

remain essentially unchanged from its value at the start.

As an example consider an 8-element linear array of centerfed, half-

wave, parallel wires that are half-wavelength spaced and all of radius



17

0.007022A. With equal in-phase excitations the program of the previous

chapter can be used easily to obtain the- current distributions, input

impedances, and the H-plane pattern of Fig. 7. The program can then be

used in conjunction with the optimization procedure and error criterion

given by (3) to obtain a new pattern with reduced and nearly equal side-

lobes using only the interelement spacings as design parameters. The

positions of the elements of the outermost pair are kept fixed to provide

roughly the beamwidth of the uniform array and the remaining three inter-

element spacings are adjusted to achieve nearly equal sidelobes at a

reduced level. The resulting pattern is also shown in Fig. 7 along with the

initial and final spacing configurations. Note that because of symmetry the

spacings are shown for only half the array and the patterns are shown for

only one quadrant.

Figures 8-10 show results of applying the same procedures to linear

arrays of 9, 12, and 18 parallel, half-wave wires respectively. It is noted

that there is no substantial beamwidth deterioration even though the sidelobes

have been reduced in overall level. These computations were all performed

using an IBM 370/155 computer with total times of 25, 36, 70, and 185 seconds

required for obtaining the results shown in Figs. 7-10, respectively.

Finally, it should be noted that a different error criterion was used

earlier in conjunction with an alternative analysis procedure and an opti-

mization method due to Fletcher and Powell [13] to treat the same problem

discussed above [14]. However, the rate of convergence proved to be a

serious problem in that case and the present choices appear to be much more

satisfactory for this particular problem.

3.3 Uae of Unequal Wires Lengths

A second problem treated successfully using the optimization method of

the previous section involves use of array wire lengths rather than the inter-

element spacings as design parameters. The objective is to reduce the side-

lobes of an equally excited, equally spaced array of (initially) equal-length
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wires by adjusting the wire lengths. As before, it is assumed here that the

resulting array remains symmetrical about its center and also with respect

to the plane containing the feed points. The wires are again assumed to be

centerfed and all of the same radius.

In this case the most success was achieved using an error criterion

given by

C1 J IT(i)12 -IT 1 for IT(i)I > IToI
i-i

0 for IT(i)I IT 1 (9)

where in this case T(i) is the value of the field pattern in the ith
specified direction and n is the number of observations calculated

(e.g. one every two or three degrees) over the sidelobe region of the

pattern. The quantity 1To1 2 is simply the square of the desired sidelobe
level. The starting point for the iterative procedure is the pattern of

an equally spaced uniform array with a given number of equal-length wires.

The result is an equally excited, equally spaced array of wires of dif-

ferent lengths with sidelobes near the desired level.

As an example consider a 12-element array of centerfed, parallel

wires that are half-wavelength spaced, uniformly excited, and initially

all one half-wavelength long. The wires are all of radius 0.007022x, and

the initial H-plane pattern is shown in Fig. 9. The analysis program of

the previous chapter can be used together with the optimization procedure

and error criterion given by (9) to obtain the new pattern of Fig. 11 by

adjusting only the wire lengths. The desired level in this case was +0.1

corresponding to IT 12 = 0.01. This corresponds to a desired sidelobe level

of -20 dB. Figure 11 also includes the final wire lengths which are assumed

symmetric about the array center.

Results for this example are quite close to those desired as indicated

by Fig. 11. However, the procedure is time-consuming with convergence much
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slower than in the examples of the previous section. A total of about nine

minutes was required to obtain the data corresponding to Fig. 11 using an

IBM 370/155 computer.

3.4 Adjustments of Both Lengths and Spacings

An obvious extension of the work for the last two sections involve

adjustments of both wire lengths and interelement spacings simultaneously

to achieve reduced sidelobes. Figure 12 shows the final result of mini-

mizing the error criterion given by (9) for an 8-element array of parallel

wires. The starting point for the iterative procedure was the initial
pattern of Fig. 7 corresponding to a uniform 8-eiement array of half-wavewires that are half-wavelength spaced, and the final result is that of

Fig. 12 while Fig. 13 indicates the corresponding array configuration.

Symmetry about the array center and about the plane containing the feed

points is again assumed and the wire radii are all 0.007022X. The result

is quite good although convergence was considerably slower than in the

case involving just the spacings. The results of Fig. 12 required about

11 minutes using an IBM 370/155 computer.

As a final illustration of the use of the analysis program described

in Chapter 2 together with Rosenbrock's optimization procedure consider the

design of a typical Yagi antenna. Here, lengths and spacings are to be

determined Zor an array of parallel wires (with symmetry assumed only about

the center-points of the array wires) such as to maximize the endfire gain

G defined as
0

= 47r (radiation intensity for the endfire direction) (10)
0 =power input to the array

Formulas for computing the gain using matrices available from the analysis

program are well-known [1,2]. These can be used with the iterative opti-

mization procedure to optimize a Yagi antenna with respect to its wire

lengths and spacings. The starting point can be an initial state correspond-

ing to some classical or other improved design procedure. Figure 14 shows

results after three iterations for Yagi antennas numbering 3-6 elements where



25

1.0

0.9

z 0.8-

.-0.,"-

-,J
IL

0.5

w 0.4-
4

00.2

0.1

90 80 70 60 50 40 30 20 10 0

IN DEGREES

Fig. 12 - Pattern of an 8-element array with sidelobe leveli rminimized with respect to both lengths and spacings.



26

00

CL

0

44-

-r4-

th. 0

0

(ION31AV SHON11-4V 3I



lE~h27

4V

271

VE

II

CC,
ci.

(SH1N313VM) ,41N3"1J1VH381



28

in each case the initial state (already the result of some gain-maximizing

design procedure) was at least slightly improved upon. For the 3-element

case the initial state was the result of a classical design procedure [15]

and in the other cases the initial status were due to another analysis and

optimization program based on matrix methods [16]. The time required to

optimize the 6-wire Yagi antenna was 2 minutes on the IBM 370/155 computer.

Improvements in gain were

a) from 5.9 to 9.1 for 3-element case, starting from an antenna

designed by a standard technique [15]

b) from 14.2 to 14.5 for 4-element case, starting from an antenna

optimized by matrix methods [16]

c) from 18.9 to 19.4 for 5-element case, starting from an antenna

optimized by matrix methods [16]

d) from 24.4 to 24.9 for 6-element case, starting from an antenna

optimized by matrix methods [16].

The examples presented in this chapter are by no means exhaustive
and serve simply to illustrate possible uses of the analysis program de-

scribed in Chapter 2 and presented in Appendix B. The examples do point

out, however, that this particular analysis program can be used in solving

quite difficult problems without requiring unreasonable computer time as

is often the case.

4. A SPECIAL PROGRAM FOR HANDLING CERTAIN WIRE GROUND SYSTEMS

4.1 Introduction

This chapter describes a special user-oriented computer program that

was designed specifically to handle certain problems involving vertical wire
Santennas over railground systems., h program,prsneinAedxC

of this report, is capable of treating fairly general radiation problems for

wire configurations such as depicted in Fig. 16. The program is a speciali-

zation of the general analysis program presented in an earlier Scientific
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Report [4] that is capable of handling radiation problems, involving arbitrary

configurations of thin wires including junctions. By incorporating available

symmetries the program presented here offers considerable advantage over the

arbitrary wire program with regard to both speed of computation and simplicity.

The typical problem geometry is assumed to consist of a z-directed

center wire plus a number NB of branches as in Fig. 15. The branches are

(a) (b)

(d)

(c)(dI

Fig. 15 - Wire antennas with radial wire systems.

assumed to be all the same length and all at the same angle with the center

wire. The branches are uniformly distributed about the center wire, so that

they are situated at regular intervals of 2f/NB radians.

As in the previous program all wires are assumed here to be perfect

conductors. Each wire length L and radius a are such that L/a >> 1 and

a << X. Within Harrington's general procedure the so-called triangle func-

tions are used for subsectional current expansion functions resulting in a

piecewise linear approximation to the current of each wire. Triangle func-

tions are also used for testing or weighting functions resulting in a

Galerkin solution co the analysis problem which, as mentioned earlier, is
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characterized by relatively fast convergence. The wires are assumed to be

unloaded aid the possible locations of applied excitations are restricted

to points along the z-directed wire (see Fig. 15) which correspond to peaks

of triangle current expansion functions. Most of the necessary details of
the program were presented earlier with the arbitrary wire programs [4]. The

only details included here are those that differ significantly from the

previous work.

4.2 Data Input

All input data are provided through the main program. The first data

statement reads in quantities NB, NEB, NEC, NR, BK, BLENTH, CLENTH, and ANGLE

where

NB the number of branches in the wire configuration aot including the

center wire. For example, in Fig. 15a NB - 2 while in Fig. 15b

NB = 4.

NEB = the number of triangle expansion functions chosen for each branch.

(All branches have the same length. The center wire is not included

among the branches.)

NEC = the number of triangle expansion functions chosen for the center wire.

(It should be noted with regard to both NEC and NEB that for accurate

descriptions of current distributions it is advisable to use at least

12 triangle current expansion functions per wavelength of wire. On

the other hand a smaller number may be used if only far-field patterns

are of interest.)

BK = the factor 2'n divided by the wavelength in meters.

BLENTH = the length in meters of each branch. (As mentioned earlier,

all branches have the same length.)

CLENTH - the length in meters of the center wire.

ANGLE - the angle between the branches and the positive z-axis. (All

branches are assumed to be at the same angle with the center

wire.) This angle is expressed in degrees so that in Fig. 15a-c

ANGLE = 90 and for Fig. 15d ANGLE = 180.
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The second data statement provides the wire radius in meters. (For the

example included with the program cf Appendix C the wire radius is given

as 10-4 meters.) The third reads in a number NF which equals the number

of independent feed voltages to be applied to the center wire. As mentioned

earlier these feed voltages must be applied at wire positions corresponding

to peaks of triangle current expansion functions so that NF must not exceed

the nuber of triangles assigned to the center wire. For radiation problems

it is qssuraed NF i1, and DO LOOP 44 executes a total of NF times with an

integer Jl and a complex number V read in using a single additional data

card with each execution. 31 is the number of the particular triangle

whose peak marks the desired position of the first excitation voltage and

V is the desired value of that excitation in volts. Thus, following the

data statement providing NF, the next NF data cards read in feed positions

(corresponding to the numbers of specific triangles) and excitation voltages

for each of the feed points along the center wire.

Far-field patterns are calculated and printed out using DO LOOP 17.

Here, of course, it is necessary to provide the polar and azimuth angles

of observation desired. In the example of the program included in Appendix C

the instructions

DO 17 IPH = 1,2

PHI = (IPH-I) 90

DO 17 ITH = 1,181,5

THE = ITH-l

cause field patterns to be computed in five degree steps of the polar

angle e for two different choices of aziumth angle = 00, 900.

4.2 Program Description

Details of the problem geometry are calculated from the input data

using subroutine GOMTRY and the generalized impedance matrix [Z] is com-

puted using subroutine ZBRCH. [Z] is a square matrix of dimension equal to

the number of independent expansion functions used, and its elements are

functions only of the problem geometry. This matrix is inverted using sub-
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routine LINEQ and the current matrix [I] is calculated by using this inverted

matrix in (1) and DO LOOP 9. Finally, the field patterns specified are com-

puted and printed out by way of DO LOOP 17 as mentioned earlier. In passing

it should be pointed out that in the program presented in Appendix C the
-1matrix [ZI occupies the same storage locations previously held by (Z].

Hence, the term (Z] denotes the generalized impedance matrix before inver-

sion, and the generalized admittance matrix [Z]-l after inversion. It should

also be noted that [Z] is manipulated in this program as a column matrix of

N2 complex numbers where N is the number of independent expansion functions

used.

4.3 Examples

To illustrate use of this special purpose program consider the wire

configurations shown in Fig. 15. For the antenna of Fig. 15a suppose the

length of the center wire and the lengths of the branches are all A/4.

Fig. 16 -Junction treated as overlapping open-ended wires.

Suppose further that the wavelength is given to be one meter. Thus, BK = 2w,

CLENTHff 0.25 and BLENTH = 0.25. In accordance with previous discussions of

the treatment of wire junctions [5] the antennas of Fig. 15 can be treated as

systems of overlapping open-ended wires as shown in Fig. 16, corresponding to
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the antenna of Fig. 15a. As indicated the antenna can be analyzed con-

veniently using six triangle current expansion functions for the center

wire and seven for each branch, so that NEB - 7 and NEC - 6. Obviously,

the branches are normal to the center wire in this case so that ANGLE 90.

The radius of each wire is 0.007X so for the second data statement RAD - 0.007.
Finally, the antenna is assumed to be base fed with a real unit excitation

voltage. Hence, NF - 1 and since the base corresponds to the peak of the

seventh triangle the fourth data statement provides J1 - 7 (locating the feed

point) and an excitation given by V - 1.0 +jO.O volts.

If the wire lengths and radii are the same as in Fig. 15a then the
antennas of Figs. 15b-d can be handled with very simple changes in the input

data. For example, if the antenna of Fig. 15b has a center wire and four

branches, all of length A/4, and if all remaining data are the same as before

the only change required in the input is NB = 4. The vertical wire is always

taken to be z-directed and the projection of the first branch on the x-y plane

is always assumed to be x-directed, with the projections of the remaining

branches distributed at equal-angle intervals. Thus, in Fig. 15b the first

branch assumes the positive x-direction, the second the negative y-direction,

and so on. Next, for the L-shaped antenna of Fig. 15c, it is obvious that the

only change in input data required is NB 1 1 if all other characteristics are

the same as in the first example. Of course, in this case the only branch is

+x-directed. Finally, the straight X/2-wire of Fig. 15d can be treated as a

X/4 z-directed wire with a single branch of length A/4 at an angle of 1800 with

the +z-axis. Here, input data differing from the specifications of Fig. 15a

are NB = t and ANGLE = 180.

Current distributions for the antennas of Fig. 15 are plotted in
Fig. 17. Input-output data, current distribution, and sample field patterns
for an additional example are included with the program in Appendix C.

11 1
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5. CONCLUSION

Two user-oriented computer programs have been presented and described

for handling radiation problems involving certain special configurations of

thin-wire antennas. Both of these stem from the method of moments with the
first employing piecewise sinusoidal current expansion functions and the

second a piecewise linear current approximation. The first treats radiation

by arrays of thin, parallel, centerfed wires where the feed points all lie

in the same plane. The wires are assumed to be lossless and all of the same

radius. To illustrate use of the program several array design problems were

treated. These include design of unequally spaced arrays to provide equal-

sidelobe patterns, selection of wire lengths and spacings to optimize direc-

tivity, and reduction of pattern sidelobes through adjustments of wire

lengths.

The second program presented here treats efficiently certain special

situations involving vertical wire antennas over radial wire systems. Here

again the wires are assumed lossless and all of the same radius, and feed

points are restricted to the vertical wire. Several examples were included

to illustrate use of this s.:und program as well.
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APPENDIX A

EVALUATION OF THE ELE4ENTS OF THE GENERALIZED IMPEDANCE MATRIX [Z] -

For an array of straight, z-directed wires the elements of [Z] are

given by (6) and can be evaluated as follows:

nm fn
n

Fzn sin k(z-z Z-) + in~ sin k(z +i-z)1 x J30
f [ sin(kAz ) +sin(kAz) sin(kAz)

n-i n

JkR 1  
-JR -JkR 3

-, 2 co~~ m eI . dz (Al)

where

R Vaz + (z-z j7~
rn-i

R a + (z-z )2 m

R 3= ,'az + (z-z ~ll

Az =z -z =z -Z
n n n-i n+i

Az z -Z -z -Z
m m m-i m+i m

IThe computed elements are: Z nm R n+ JX nmwhere,I
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R ~ 15
tim sin(kAz m) sin(kAzn)

[cos k(z 1  z) (Ci(V) + Ci(u 0 ) - Ci(u1 ) -Ci(vll

+ sin k(z M 1  - 1 ) {Si(V) 0 51(u ) + Si(u 1 - i(V5 )1

-2 cos (z )~ csz - Zi( + -i ~ 4 3iu5 C(

-2 sn~m o k(z - z 1 )( Si(u2  + 51(u)+ Si( 3  iv)

+2 cos kznm co kznii { 6 n- (Ci (v + Ci(U6  Ci(u 3)} v

+2 csikz)o k(z - z {SIi 6) Si (u6  + Si(u Si(v

+ Cos k(z M-1 z - l {Ci (V) 6 Ci(v) 1 +Ci(u. + ci(u81

+ sin k(zrn -z~ {Si (V)- Si(u ) + Si(u ) -Si(v 5)

I 2 osk+ cos k(z - z {i) {Ci( -Ci(v ) - Ci(u ) + Ci( u7)

-2 COS(k~z ) sin k(zm - z ) {-5(u) +1i(v)
Im in n+i 7 7

C: f+ Si(u 3) Si(v 3)}1 (A2)
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A(3*( 1-1)+J)=ZN47M
5 ?Pzm+zm

4 ZN=ZN~flZN
6 D 3 1=199

IF (AM1 eLTe 0.0) GO TO ?1
I )S0PT(RR4.AI)*A(I))4A( I

V f I )=RR/()( I)
nCTO 22

21 V( I)=SQPT(RR+A(I*&1)-A(1)

tI ( I )=S!V(I
2? CALL si SIISl IC(I

CSM 1)=CI
CH 1)=ST
CALL 'CI(sTCIV(fl
CV( 1)=rI
sP( I )=sU( +SV( Il
%N( I )=",U( I )-SV( I)
CP( I )=C"{ 1I-+CV( 1)
CN( I )=CLJ( I )+CV( 1)

C ( 1)=CCOS(A( 1)

3)=COS( Af A

r(2)=C0S(A(R))

Ole C(9)=CfS(A()l

S f 1 )=STN(A( 1 )
S (2)=SIN( A(2) )
S(3)=qrN(A(2 I
S( 7)=SIN(AM(7) 1
SM~=SIN(A(P)I

PL=C( I*(CP(II-CP(4l)-S(1)*(SN(4)-SNl))r3*C3-CtiSl*

$(SN(",)-SNI' )+C(7)*ICP(7I-CP(4l) -SI 7)*fSN(4I-SN(7t).(9)*(CD(qI
$-CP(6))-S(9)*(SN(I-S-'N(9)I-CC*(C(?)*(CP(21-CP(51--S(?)*(SN(5)
5 -SN(2))+C(8)*ICP(I-CP(5))'3,(R*(SN'5)-SNUaI) I
AM.C( I*( SPI' 1-SP~ll 1-SI 1)*(CN(4)-CN( 1) leCt d*ISP(h)-S~p(3) I-St A)*

41CN(61-CN(3) )eCI7"*ISP(4)-SP(7I)-S(7I*(CN(4l-CN(7fl+C(91*ISPI6)-

V;i9 - (9 (C ( -N 9))C * C ) (P 5 -P -3 1 (N S)r,

7M=ML(LAV1,(SNDN*I(Z)+m
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APPENDIX B

PROGRAM FOR LINEAR ARRAYS OF PARALLEL WIRES

This program is suitable for analyzing radiation by linear

arrays of parallel thin-wire antennas. The wires can be of unequal

lengths although all wire radii are assumed to be the same. Sym-

metry is assumed only about the plane containing the midpoints of

the wires. The wires are assumed to be lossless with no externally

a~pplied loading. The sample output corresponds to analysis of an

8-element array of half-wave wires that are half-wavelength spaced

and all of radius 0.01).. Five expansion functions are used for

approximating the current of each wire. (Because of symmetry only

three of these are independent.) Each wire is fed with a real unit

eycitation and the principal H-plane pattern is computed in steps

of three degrees.

The program is described in Chapter 2. The main program

is presented first followed by the subrnutines.

C
C ** MAIN P~nGRAm **

0 1 MENeI ON Y(20) 9VV(10l)

Cr-,mnN AK,NqNL,N7,NVtVVvMQ
C(MPL FX CMPLX,CEXPVV
TP=692J33l853

2, C
C AK = RADIIuS * (2*PI)
C

AK =0. O1*TP
C
C N = TOTAtL Nn. OF ELEFMENTS IN THE LINEAR ARRAY

C
C NV= DOTLNO, F THE ISANCS O WIRE LFMTHS FRO THnE EET RT, WHI ,
C

C IS CnNSIDERE) AS THE ORIGIN OF THE ARRAY,
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C * NOTE * ALL PimminSfNS OF VII) ARE METFIRS/WAVFLENGTW f ?*PI)

Y(? )=0,?5*TP
Y 1=0. 20*TP
V(4)=O.?6;*TP
Y(5)=0.?5*TP i

Y(6)0.o25*TP
Y(7)=O.25*TP
Yf A)O.*25*TP
Y (Q ) =0.,50*TP
v( 1Vi=1.0*TP
YV)( l ok.5*TP
Y( 12)=?*0*TP
Y( 1'4)=2*5*TP
Y( 14)=390*TP
V(191~=3*q*TP

%1%'1(1) SPFCIFIFS THE FEED VOLTAGES

9fl 3 I=I.N
VV( T)=CMPLX(1.O, 0.0)

2 UNTINLIF

C PPI 'CTPAL H PLANE PATTERN IS CnmPIITF0 IN STFPS rlF MQ rlEGQFEFS

C*** FNf) OF DATA ***

N7=N+ 1
NIL =N- I
CALL ASCTFD(Y)

S(IRROIJTINE ASrTFD(Y)
CCMPLFX ZVSSD)ETERMCEXPC'4PLXTERMA~,ZmN~yJ,7MI iV
Cr)M'ON AK*NNL,NZ,NVtVVtMO
D1MFNS~rN M(15) ,YZ(1O),n?(15)a7(50,50ohV(5,1),SS(50,1l*CS(IS)

r)JMNS[OIN TE(200)tPH(200),Y(20)*VV(10)

DOt 2 I=19N

*** NOTF***

C FOR~ OPTIMI7ATIO4 PRr.RLFMS MM=INT(Y(fl-0*5?1)+1

C FRANALYSTS PRORLFMS mM=INT(Y(I)-0.571)+3
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('I~ + 1)(II k

A~ V( 1. ?T(~,JO
Or, 4 j =-I.

4 C(- T T I I E

'A Y7(.i1j)tY(ih+j)

PP P? J=mtl,ML2

P 2 ~j7Vi:-70(L I

fl( 74 -kzl,NI

7 V=-r.7 Ii')

K 'MK +1-

Zm=-n7 (II
M L 1 =.4( L)I.+

Drl 77 .JzL,mL2
SrP=Y7 (L )-YZ (K)
1(1 ,J)=7mN( 7M,?7N,)(L),fl7(K) ,sn)

7? 7m=7m+l?(L)

714 rCNTT.NJUF
71 7N1'=7"J407(K)
74 rCUNTIMIJF

nr A4 K=2,N
KI=K-1
7 ix-p7 ( ie

MNI2=M(K +1.

* flno A3 1=l,9(1

nrP 62 JzML.1,ML?
S~zYZK)-Y7L)
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62 ZIMMit7(0-
(A CflNT!NUF

6-4 C 1NT INUE,
CALL- CSmJN( Z.mN,flETERA)

0Cu0O174S3*F.OAT(LK-1

AtAO~LXiO. 0,9 0.0)

1404' E XP YJ-)
CS(,J)-wTANt.5,.*r4 uJ)
M c'Z kJ)1-
m'4=M j+1)I

A7-AZ4I;S(MC 11 )*TERM*CSI J)-
IF(MAeGToW%') GO TO 44

45 -AZ=AZ+:SS( I.-I4*2-.O*.TERM*CS(--J)
44 CCIT!NtIE

LLxLL+I
TE(LL)=CARSSAZI
IFITEULL) *GT* RIG) RIG=TE(LL)
PH(LL)ATAt2(AI4AGAZ),REAL(AZ))/0.0174533

-11 CUN!tINIIE
fO 434 Il-NV

41 CONT.TIE
YPITE(39111) (YUii),p 1-19N)
WR!ITO (3, 11-2) (Vi I)i, IsN7,NVI

112 FORMAt(O,'0 SPACING= It10F10*51/1)
Ill FP MAT( 10,-9 LENGTH= 1,IOF1O.5///1

WRITE(39892)
892 FOR MAT(*0' CtURRFNT OISTRIBUTtON ON THE ELEMFNTS 1)

00 49 KzIN

MK=am (K1(41)
WRITF(3,95) I
4R ITE (3. 8 8)K

RPR F(IRMAT11019@ CtJRRENT flN 4915,5XELEMPNTI/I
DO 50 NZuMK1oMK2
WRITE(3.999) SS(NZ91)

Qo9 FflRMAT-%f 1.2F20.6)

50 CONT'INUE I
895 FORMATISO@//

WRITE( 3,93)

A93 FORMAt(401,1INPUT IMPEflANCES AT THE FFFO POINTSI/f/I

n00 51 J1l,PN

4 . -*-Mt,,~l
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l:F(CAAS( V(V?72. I) E0. 0.0) -Gn Tn 51
A?zV( m?29 )~(~2,L
W4uITF(3,941 J,-AZ

K4Q4 K-RVA440 0 14IPUT 14 PFDANCE nFS'955A'c'rLF4FNT 2'*?FPO.*6//)
1 CCMITINIIF

WP ITF('A9 91)
Fr. MfP~A T(*1' inO"'ALTZED F~- FIF~n OA-TTFRN//)

TF(L)lTFlL )/P:1C1

As-. FIJVmAT-(f 1T59F40.A)

Q',% FLR!!AT('lOl,l VIR'AL17ATION CONSTANT 'F55ff

F ":C T 10N- ZmNILM1l,7NlZmtnzNR)

C C(AA'PIITFS MOT11AL J'4pErANCE B~ETWEEN run E~LEMEN4TS Oc LFNGTHS ji)7m vkC' f7N

-c tXri fF PAflIUS P HAV-IN, STARTING POINTS AT 7ml ANn FNl

C NO MTE ** AIL DitmENSIONS ARE (*?*DI)

C( 'PLEX 7MNCM'OLX

N=l
IHZjMLF0.-flZm) N=2
rC=2.r,*f0%(07M)

IV- 1 1=1,3

AX 2 J=193

2 7PMZM+n7Z
1 7 = 7N +rZN

7MN=CMPt XtO.OO.O)

10 Gr TO 6

r)1 4 1=19



4,6

A-0*1 -c I-)jlw)-ZN+7f

4 ZNzZN+IiZN

If fAU-1) .LT. 0.0) GO TO 2-1[ hJM I )-SORT(RR4A'I I*A(J )-) +A(lI)
VI-I )fR~(I

7-.V( I)nS6RPT-(R+A(Il)*A(Il)-)-A-I:)
-t), I )xRR /V'( I)

2? CEiLL SICS,C I1 U( II)I

SCIIt Il aCSI

CALL 'CII(SfiCIV(I.))
SV U1 z S T[~rN NI IzSUTl IR-SV I Y)
rL12)=COS(A-(2)1
C 13 ) Sl Al ,'A f

CI ()=Cf)SI A 17)
C(8)=COS(Al-f))
C 19) =0fS(A(IQ),)
St 1)=S TNtAl 1l)
t (2)zS!NMA 2))

S17)aSIN(Af 7))

SIP )xSIN(A(RF))

SP())-S(9)*(CN(6-N() )-CC*I(C(2)*(SP(5)-SP) )-SI)*(N(5)(

12)t+C[At)*(SP(5)-SP(q))-SlR)*(CNI5)-CN(l))
7MNzCMPLX(RLAG)I*I5./(SIN!lDZN)*SIN(0Zm) )+YmN
IF(N*EO*? *OP, N*FO*3) RFTUAN
Crf TO 10
FNn

F I4
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FtlkIJTJQN 7MI(1,7iINiOK9AK-1

C' C(MUT M11TOjAL IMPEDANCE SETWEEN T-Wf -EiEE4ENTS flF IIAOIUS AK, I% n
-C

C L-FNr-TH, Die HAVING, ST RING, PINTS, AT ZIP ANnflIN.

'C * NrfF * ALL DIMENSTONS ARE (*2*PI-I

CODMPLEX CMPLX,101

S6K * I .-/I~ i.-CDXK*C.DK)
nOwAK*AK-

'C A-DK

'CAzCOSUA
SA-SIN (A I

SC=SIM(C)

]I!C = SQO T IlQ+AAA )+A

I I I=-SnP Ttlsr+c*c )4c

0J2SQRT(PSQ+S*P )+Ft

V4=DSQttJ4
IU6SQRT( OSo.F*F )+F

CALL SICJ (STC 191101

SIIO=ST '
Clio=C I
CALL SIT(STIcr9ul)I

CALL SICI(S~tCIV1)
sv12SI



CALL SICKiSIiytU21

C v I- zC. I
CALL SI C US UtC,1'.9

VS11-AI

C %L - C I-ASP9 tV

SCV4SIj

*CV4=CI1

-cU6zcIf

%Ctt6-SV6i-

AC.=E~tUA-V6)C'Ft~t4'4V6)SO*CU4- -CV4)-cnfl('S1J4+SV4)-P4*(,;C*

fCVO ),-CA*( I.OSVO)-
'ZMI C'iPLX( RL#AA,*SlK

Ai-4N+ZM

Ezc +nPK
C-zO0S( A-)
SAi S!N(

SP-SINIOY
CC=C( C 1,
SC S LN4tC)4
c r=cost-n

CtaCOSME
SE=SITN( F)

VOzSOR TIOSO+l*fl) +n

VIaSQQ T(fl'SO+R*8)+P

V2=zS(k T1I DSo+A*A )+A
u~flSQ/V2
V4uSQO T I SO4C*C I4C
U4=DSO/V4

U6-DSO/V6 O
CALL SICI(SICIUO)

CtDOC III
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Mt.qv oMIr r

( VOAC!

U? = ST
1o2ICSO

CAL L SICI (SI9c I 9V7)

CALL -IrJSCrI)

tALL S Ir 1(STC IPV4 1
SV4=S I

CA L SICIHSI 9C JV6)

tvtzr I
wL1sflO*(CA* tCI17CVP I-SA*( S(12-SV? )-nf4*(CC*( CII4+CV4) +Cg* (r~li1+CV1-)-

t-SF* USIJb-SV.)

!SV?-asF*( cij6-c v?))r~ IOSO)+4 C

SIIPROh1IKfNF SIMICIqX)

(:;'"PITFS SINE A\,n fl r'TNF: TNTECPALS

IzARS( K
IFI7-4o) 1,1.4

1 Y=(4o-?)*(49+7)

WFT UPN

4~ SfzSTN(Z)4
YV=Crlc 7)

77,7. -4 72 Ti7
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V?.20011E-2)*Z+Po SR909F,40

r. t7( IVY*Ij)

FNnl

S I ISPfLUT I IF CSM IITANtDETERM)

'C rNV7FITS A 'C,'VF'4 SQUARE MA'TRUX'

CO-PL EX, -A, PVOT ,AMAXtTtSWAP--DFT-ERM I,CMPL-X t n4 i
nJNENSJrN I P1VCT(50) IpnfEX(50#,)*A( 'iO0.50) PlVjTW5)_

OFT ER PCMPLXf 1.0,0.0)
22 ? l ptVOTJz0 '1

nfl 600- -le M
A -X=C ML0.,0.C

-no -105. J-1,N
IF('IPIvflT(J)-l) 60,105,60

60 Dr. 100 -Ka-IN
IF( PIOnT(K-10 8091OC9140

PI =A Ak*;O f lAAX)-Aiti()-*r.ONJ (A(-J,Ie))
IF (TFMP)PS,R5, i00-

ft F TPr!W=J

105r Cl N T INIIF
JFTvnT( ICOLklm)=IDIVnT(TCCLII.
IF( !C-OW-ICOIM) 14092669140

140 OE-TfEPM-lTFR'4

Al IROW9L )=A( ICOLUMtL)
200 Al ICOLIIML)=SWAP
260 mnPEY I t I)=TROW

!NnFX( It2)=TCOLUMI
0 1 WITI I ) xA( I COLUt MI OLUIA
FlT EP MxVFTE PM* PIVrT( I I

r TFPPPVflTgJ)*CONJ IPIVOT(I)l
IF(TFMP) 330,720.330

VA 0 A ( IC11 IIM 1CO I IM) uC PL X1 0 0 e0rz ~ no 150 L=19N

jgzPJvflT(I)

3A0 nv 550 11zltN i
IF(l1-ICOLUM)400, 550,400
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rCO TulL19CLU
A(L 1, JCCBLI4)CMPLX(0.-C,0O)
no 450- 1-=1l,9N
I1-AfIftl tl" L I

450 A(CLl.t')zAWL-l*L)-U*T
556 C DN!TlItI F

6 C.- CE NTINllIF

t~n+* 7oI-liI-

00I 70r KzljN

PW-=AUCK9JRO)

705 CCMT!NIIE
7 1' CUN TINUIF

f, F T JON
720 WITF(3,730)17 -4 F P 4-f fr~ AT I S-JlL P I
740 QFnPA(CX'UT4X SSNILP'/

F1UNC.T InN Cfl~j(Z7)
CCO'PLFY ' ~P L X 7 7 C n Nij
C rVJ= Ck4PL X P AL(7 7 -A IM ArZ 7) 1

FNfl

%I'VFtkUT INF 4LTPY(LM,NAR,C)

C u'0LTJPLTFq TWO -MIATRCFS

C COMPLEX 4fs055)qR(sO,1)qC(50q1)

nn 1 I-z1,L
nnl 1K=l,N

n l 1 J=1,w
1 r(IK)cC( J,K)qA(T,J)*R(JKl

RFTIIRN
ENfi
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o 00 000Q
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fEN a a 0 0 0 0

"A usW W U. U.

Cc ON m N
%C %C. - C P

c 0t J1- Ik- -t e
NN in (411 -t

-j

t_; LL.h - Wj Uw U. w.. L&.

0%0t -4 0

UN. -LN0 S
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a
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NrfRALIZED F- FIEIU) PATTERN

A 0 0.000001 53.712891

3 C001-453 66i059052
6 0.00S79.3 63.462265

9 0.01297S 59.139740
17 0.C22A16 53o-07118;2
1 0 !1034oq6 45'.249466
IR O.04A119 3,*656739
21 .,6 02 24.e258026
24 6.07'137 10.84127
27 007Q783 -4.302690
30 0*07f7 1 -21.962402
33 0.0,7565 -43.0129PS
36 0.045304 -71.600725

42 0.04-617 11B.12065.1

45 0.083445 8O.OP0215
48 0.115672 50.298401
51 041267q 21.C342101

54 0.10503q -10.64AS5I

57 0.053q41 -54.q91577
60 0.044821 161.263107
61 0.129747 106.062408

66 0.19S734 70.245300
69 0.21486? 36.055420
72 0,1519iz -068_8238
75 0.030137 -171.462845

7A 0.236566 131.869217
81 O.503Pq3 q5eOR326
84 0.755qqo 60.819748

87 n9935622 27.297760
90 1.000000 -5.863531
93 0.913471 -38.6578A3
96 0.752121 -70.90705Q
99 0.49q961 -102.1015713

102 0.232193 -130.04353
105 0.029792 -81.258011
108 0.153752 -2e,9 6?6
111 0.215196 -55.546463
114 O.197901 -82.309097
117 0.128347 -OS.952866
120 0.043571 -107.64117I
123 00055012 -20.74I306
126 0.106574 -31.30R9qo
129 0912636? -5.028732
132 0.115269 -720925568
135 0.082777 -90.934418

4 13R 0.041q38 -97,939575
141 0.020670 -39.3242q5
144 0.045762 -10*939811
147 09067850. -19*835052
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1si0 0.07887-7 -43 2 q8 ?A 7
I~ 0. 07q726- 47eL2f,?1
156 0*072tV73 -60.234019J
159 0*O61s? -72.1'QSII7I
10*048101 -67.R06'
1Ao O.O46Ei3 -91.93,3441-
16i 0O02?626 ,!qg*49336?

1-71 GoC12?q- -0 s. 4 70761
'174 -0. 005694 -0.~?Q
177 0.0G(I1400 -112,246414

18'~ C'.COZ~i -9A.i?0089

NORM4L17ATICNIh CCNSTt O' 0.1hcE ("0
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APPENDIX C

PROGRAM FOR WIRE OVER RADIAL WIRE SYSTEM

This program is suitable for analyzing radiation by wires over radial

wire systems as exemplified by Fig. 15. The wires are assumed lossless

with no externally applied loading and excitations are restricted to

center-wire positions corresponding to peaks of triangle current expansion

functions. The first triangle begins at the junction and extends towards

the end of the center wire. The junction itself corresponds to the peak

of the first triangle of the branch wire. The sample output is for a X/4

center wire with two branches, each of length 1/8. The branches are -normal

to the center wire as in-Fig.- 15a. The center wire has six triangle ex-

pansion functions while each -branch supports four. The wavelength is one
-4

meter and each wire is of radius 10 meter. The configuraitoa has a

single unit excitation and that is located right at the junction itself.

Since the junction marks the position of the first branch triangle which

is the seventh triangle the feed point is assigned the number seven. Pat-

terns are computed for the * - 0, 90* planes. x,yz-coordinates of axial

points defining the problem geometry are labeled PX, PY, PZ, respectively

in the sample output.

Subroutines are listed first, followed by the main program and

typical output. The program is described in Chapter 4. Further informa-

tion on computational procedures is available elsewhere [4].

SUBROUTINE LINEO (NZ)
COMPLEX 7( 400),STORSTST,S
DIMENSION LA(50)
DO 20 1=1,N
LA(I)=I

20 CONTINUE
MI=O
On 18I M=1,N
K=M
DO 2 I=M,N
Kl=Ml+I
K2-MI+K
IF (CABS(Z(KI))-CABS(Z(K2))) 2,2,6

6 K-I2CONTINUJE
~LS=LA(M)

. LA(M)=LA(K)
'" LA(K)=LS



K2aMl1+K
SThR=7J (K2)
J1=0,
00 7 J=1,N

2 K2=J1*+M
STO z(K1
Z (Kr)kZ(K2)
Z(K2)=STO/STnR>J JJ1+N

7 CONTINUEI KI=AI+M
j ZfKl)a1.,/STOR

no 111 i1,N
IFOi-M) 129,11,12

12 Kl=FM1+l

Z(KLI)=0.
J 1 0
DO) 10 4=19N
K2=J1+M
K1=Jl+I
Z(K1)=Z(KI )-Z(K2)*ST
J1J1+N

iO CONTINUE
I1I CONTINUE

M1=Ml+N
18 CONTINUE

Jizo
DO 9 J1,tN
IF (J-LA(J1)) 14,8t14

14 LAJ=L.A(J))
J2= (L AJ-1 ) *N

31 DO 13 1=19N
K2=J2+I
KI=J1+!
S=Z(K2)
Z (K2)=Z (KI)
Z(KI)=S

13 CONTINUE
LA(J)=LA(LAJ)
LA(LAJ) =LAJ
IF IJ-LAfJ)) 14,8,14

A J1=J1+N
9 CONTINUE

RETURN
END

C
SUBROUTINE R0W(NTHPHE)
COMPLEX C(2ObtE(?),pU9UlU2,U3,U4,uJ5
COMMON XX(50),XY(50),XZ(50) ,TX(5ObgTY(50),TZ (50),AL(50)
COMMON T(100),iP(100),RAD2(10),L(1O),Lg.(10),LR(IO),BiK
COMMON /COA/ C
DIMENSION RKR( 50ObDT( 50),DP( 50)
U= (O,1.
ETA0376,7307



ST=SIN(-TH)
CtPuCOH)
SP=SIN( PH)
S1=CT*CP
S2=CT*SP
BKV=BK*SJ*CP
Rk 2=6k*ST*SP
IK3=RK*C T
N2=1

00 1.NS=lN
* IF (L(N2)-NS) 29,3,?

3 KK1l
N3=N3+2
'N2=N2+1
GO0 TO 4

2 KK-3
4 60'w5 KKK,4I

N7=N3+K
RBKR-(N7 X XX WN )EK1+XYNW) *BK2+XlZ(N7 ) *BK 3
flT(-N7)=--TX (N7)*S1+TY(N7)*S2-TZ(N7-)*S-T
O)P (N ) =-TX (N ) *SP+TY( N ) *CP

5 cONTINUJE
N3=N3+2

I CO)NTI NUE
N2=1
N3=-2

UJ3=0.
Ui4=0.
D0 6 NS=1,N
IF (L(N2)-NS) 7,0,7

8 N3=N3+2
N2=N2+1

7 JI=(NS-11*4

* 112=0.
nn 9 11,4
J2=Jl+JS
J3=N3+,IS
S1=BKR(J3)

(15=T (.2)*(C0S(S1)+1I*SIN(Sl)F )IUJ1U+05*D1 (J3)
U2=U2+1i5*DP (J3)

9 CONTINUE
1i3=1)3+1)1 *C (NS)
t4U4+02*C (NS)
N3=N3+2

6 CONTINUE
S1.90745774*ETA*BK
E I)=-I l*S1 *113
E(2)-I*S*1J4
RETUiRN
END
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SUBROUTINE GOMTRY(-NBRCHNECNEBN1 ,NCLENTHBLENTHTHETA)
C
C THI-S SUBROUTINE GENERATING PARAMETERS OF A UMBRELLA SHAPE WIRE
C STRUCTU1RE (ANTENNA OR SCATTEREE)
c

ZC I/P NBRCH"Z Nol. OF BRANCHES
C Nl=TOTAL NO. OF SEGMENTS
C N=TOTAL NUMBER OF EXPANSInN FUNCTIONS
C NEC=NO. OF-EXPANSION FUNCTION OVER CENTRAL WIRE
C NEB=NO-. OF EXPAN-SION FUNCTION-OVER EACH BRANCH
C CLENTH=LENGTH OF CENTRAL WIRE MAY BE NEGATIVE TO REPRE-
C SENT THE CASE WITI4 NFGAT-IVE-DIRECTED CENTR-AL -WIRE
c BLENGTH=LENGTH OF EACH BRANCH (IN-METER)
C THETA=ANGLE'BETWEEN EACH BR ANCH AN!) THE POSITIVE Z-4klS
C
C ri/P XX(I) = I-1 TH COMPONE:NTS OF THE COORDINATES OF THE CENTER
C OF THE IOTH SECPENTUC XY(I I-S THE Y COMPONENTS
C XZ IS THE Z COMPONTS
C ALMI IS THE TOTH SEGMENT LENGTH
C TX IS THE PROJECTTION.0F AL TO X-AXIS

CTY IS THE Y COMPONTS
C TZ IS THE Z CONPONENT

COMMON XX(5obtXY(50),XZ(50),TX(50),TY(50),T1 (5ObtAL(50)
COMMON T(I.OO),TP(100),RAD2(l0) ,L(IO),LL(1O),LR(10)
DIMENSION PX(50),PY(50),PZ(50)
DOUBLE PRECISION DPItDP2,DP3

- - NPB=2*NEB+3
NPC=2*NEC+3
nPL=NPC-1
P2=CL ENTH
PP2=DP2/P
1(1)=1

L(2)=l+NEC
Ll.(2)=1+NPC
00 10 I1NPC

PX(I)=0.

~ I ( )=Sl*9P2
10 CONTINUE

nP = TN ETAI

TH=DP1*PP2
nP BLENTH
DP3=2*NEB

DP3:DP1/DP3*j
D3=DP3*COS (TH)
Dl=DP3*SIN(TH)
J1:NPC+1 i
DO 20 1=1,NBRCH
BRCH=NBRCH
X=I-1
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bPl=360.-*X/iBRCH
PH= OP 1*fP2
h2=D1*SIN(PH)
f4=n1*COS( PH)
LL CI+2)1 L( I +I ) +NP 1
L (I+2)4-;(TI)+NFA
O 40 .1=1,3

PX(J)1)=O..
oYCJ1)=0.

PZ (J1)-=PZ (4-J)

40 CON T INUE
NP1= 2*NER
DO 30 J- I 1NPI-

PX(J1 )=n4*Sl

PZ(J1)=F)3*Sl

0CONTINUEV

WRITE (3,303)(PZ(I),I1,NP)

31FORMAT(I0PX'/(1X, 7E1.4))
32F0RMAT('OPY1/(1X# 7E11*4))
33FfORMAT(IOPZI/(IX, 7EI1.4))

J2=2
N10O
D0 2 J=1,NP
IF (LL(Jl)-J) 3,4,3

4J?=J2-1

L .11 ) =J2

3NI=NI+1
J3=J-1
IF((NI/2*2-N1)*EQ.O) J2=J241
XX (Ni)=.5*( PX Cj)+Px( J3)
XY(NI )=95*(PY(j))+PV(J3))
XZ(N1)=.5*(PZ (J)+PZ(J3))
SI=PX(J)-PX(J3)
S2=PY(J)-PY(,J3)
S3=PZ(.)PZ(J3)
S4=SORT(Sl*S1+S2*S2+S3*3
TX(Nl)=S1/S4
TY CNi) =S2/S4
TZ(N1)=S3/S4

AL(CNi) =S4



-61

7 CONTI NUF
L (J l)1)2-
NzJ2-2

J2-2

DO 11 J=19N
!F(L(-J1)-J)- 13914,13,

-14 J2=J2+2

13 J 3=(-*4
J 4 =J3+1
J5=J4+1
J&=j5+1
3~7=j6+1
K4=J2+1
KS=K4+1
K6=KS5+l
K-7=K6+1.
Sl=AL(K4)+AL(K5)
S2=AL(KA')+AL(K7)
T{J4-).=AL (K4l*.5*IAL(K4,) /,S
T(J5)=AL("K5-)*(AL-(k4)+.5*AL(K5) )/S1
T(J16)=AL(K6)*IAL('K7)+.5*AL(KA) )/S2
T()7 )=AL(K7:)*.5*AL(K7)/S2
TP(J4)=AL(K4)/S1 -

TP(J5)=AL(K5)/S1-
TP4JA)=-AL(K6)/S2
TP(J7)=-AL(K!-)/S2
.J2= J2+?

11 CONTINUF
RETR
END

StIRROUTiTTNE Z RRCH(NBRCHNI ,NNECNERY)
C
C THIS RntlTINE COMPUTE THE GENERAL17ED IMPEDANCE MATRIX OF UMBRELLA
C SHAPF OF WIRE STRUCTURE
C
C I/P NBRCH= NO. OF BRANCHES
C N1=TOTAL NO, OF SEGMENTS
C N=TOTAL NI ARER OF EXPANSION FUNCTIONS
C NEC=NO. OF EXPANSION FUNCTION OVER CENTRAL WIRE
C NFB=NO. OF EXPANSION FUNCTION O'VER EACH RRANCH
C XXXYXZALTXTYTZ ARE GEOMETRY PARAMETERS
C RAO=RADltJS OF EACH WIRE i
C
C 0/P Y IS THE GENERALIZED IMPEDANCE MATRIX COMPUTED
C

COMPLFX Z ( 400),9Y( 400),9PSI ( 200 )U919119291130U490J506
CrIMMON XX(50),XV(50) ,XZ(50) ,TX(50) ,TY(5O),TZ(50),AL(50)
COIOMO'J T( 100),TP4 100) ,RA)2( 10) ,L( 10) ,LL-(10),LR(10OBRK
DIMENSION DC(200)
t1 0 1.
PI=3.1415q3
F TA =376 *7 307
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Cl=.12S/PI
c 2.25/'1
(i3xtJ*RK*ETA
1i4c-1iRK3*EIA
BK~ufAK*RK/2i

F klRK 2 *BK/ 3.
N43aO
N2= 1
N0= 1
N3=-2
Ri NEC+NFR
M2:F2*Ml,+4-
M0-=NEC
M3 3:2* NEC +2
DO .10 NS-- 9,1
JF-(NS.GT.NEC) M3=N1--.(NBRCH-1) /2)*(2*NER+2),

C- IF(NS.GT-.NEC-) M4=NEC"+(,(NBRCH+2) /2-)*NER
IF(.L(N?)-NS.) 12914,12

1-1 KK=l

N3=N3+2 I
12 KK=3

DO 14 NF=1,M3
N4=NF+M3
N5=N44M3
N6=N5+M3
fC(NF)=DC(N5)
rPC.(N4)=nC W6
PSI (NF)=PSI (N5)
PSI(N4)=PS!(NA)

14 00NTINUE
13 IF (N3+1i-LR(NQ)) 5,695
6 AA=RAD2(NIO)

5 CONTINUE
DO 15 K=KK,4
N7=N3+K

00 16 NF=IM3
NRI=FF+Kl
SI =X X (N7 )X X (N F
S?=XY(N7)-XY(NF)
S3=XZ (N7)-XZ(NF)
R2=S1*S1+S2*S2+S3*S3+AA
IR=SQRT(R2)
RT=ABS(SL*TX(N7)+S2*TY(N7)+S3*rZ(N7))
RT?=RT*RTA

RH=(R2-RT2)

AR=ALP/R

112=Cns(Si )-LJ*SIN(S1)

IF(AR-.1) 22922921
1 J2=02*C1/ALP

S=RT-ALP
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S2 R T+ AL P
S(3RT(St*Sl+RH)

iS4=SORT(S?*S2+RH)

GO Tfl 20

20 A12 AL INT)
Af3z (S2*54--S 1S3-+RH*AI 1:) /2.

S3=AI1*R

S?=-BK*(AI2-S3)+BK3*(AT4-3.*A-13*R+R2*(3.*AI2-S3)-)
GO TO 28

BA=BK*ALP

A2=RA*BA

AR2=-Z0/#AR2(-?.Z21*R4/0

AI2=AR*-Z3R R)6+3-0.Z23.74*H/n
AR3=R(2*ZR?5*R)/0
2R4=ZR/120

S1=AOR* ( 2+BA*2)*A) -0,*R+r)*R)*R/

S2=BA*(Al+RA2*A3)
28 PSI(N8)=(J2*(S1+(U*S2)

P)C(N8)=TX(NF)*TX(N7)+TY(NF)*TV(N7)+TZ (NI-)*TZ (NB)
16 CONT I NE
19 CIT I NOE
-N3=N3+2

J3=(NS-1 )*4

flO 25 NF=lM4
Jl=(NF-1 1*4

IF(L(Jq)-NF) 26,27,26
27 Jq=Jq+l

J7=J7+2
26 N9=Nq+1

0J5=0.
06=0.
J5=0
nn 23 JS~lt4

J4=J3+JS

00 24 JF~i,4V J6=JS+JF
,12=Jl+.JFH
05 T(J 2) *T(J 4) *DC(.16)*PS 1(,16) +05

~ ~ A



t~4

I IA=TP (..7) *TP J4) *pS0%A)4i
24- -CNT-1NUEI

I -23 C1II
7 (NQ ) xIJj*tI3+t(h.iJ4
l7zJ7+2

V25 CIINTI NIJF
10) CrINT I NIF

j ? = 0

r ~ M3SNEC*NFC
Df) 30 I=1,NEC
.J4M3+il
DO) 31 1=19NEC

l?=j2+1
.11=J 1+1

SI=NPARCH
00 3? .1=1 ,NER

Y'(J1 )=Z (J3)*Sl
J 3=.3 + M4

32 CONT INUE
30 C(INT I NJF

J2=M3
nn 35 1=1,NER

DI() 36 J=1,NFC
.12=J?+l
J1:=J1+1
Y(JI)=7 (J?)

36 cONTINUF
mO 37 1=1 qNF

Jl=J1+1
.12=J ? +l

IF(NFBRCH.E0.1I) GO T0 37
KK=INRC+?) I?

o0 41 K=2,KK
KKK (NBRCH/2 )*2-?NRRCH
IF((K.FQ.)KK).ANI).(O.EQ*KKK)) Go1 TO 42

.3=?+ (K-I) *NFI
Y(JL)=Y(Jl)+Z(J3)*2

MI TO 41
42 )3J2+(K-1 )*NER

41 CON T I NU
37 CONTINUE I.

.?=J2+(CNBRCH/2);, NEB[35 CONTI NUE
RE TUR N

END

I-____A.
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C
C MAINPROGRAM MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMommmmmmmmmmm

COMPLFX (0)U2,C0)(3,I2V(,uV
cfltmON XX(50),XY(5'0),XZ(50_),TX (5o,TYC(S 7(oA(o
COMMON- T (10019,TP (100),tRAD2 (i0)-tL (10), vLo) (10o1),BK9
COMMON /COA/ C
ntIMENSION I1FP (20) ,RADU10)

I ktAD(i,1O1,EN)z500) NRNFBNECAKRLENTHCLFNTHANGLE
10 1. F 0R9MATfA3I3 #3 E14 *7, F6 e2)LWRIjTE (3,_301:)NI~NEB9NECv9K
301 FOQt4AT('0 NB NEB NEC -BI(/1*,1-3v2141El4*7-)

WRITE 439302) sLENTH9CLENTHANGLE-
302 FORMAT( 1OLENGTH OF EACH RRANCH */1IXtE14.7// 'LENGTH OF CENTER WI .

IRF'/IXF14..7/i' AN;LE'/1XiF7.'?)_
NR= 1
LR(1 )=l
LR(NR+1 )200
RtAD (1,104) RAMt)

109 -FOR'MAT(-E14o7)
WR-ITE (3,305) RAO(1

305 FORMAT('ORAD'/lXE14.7)
DO 46 !1=19NR
RAD2(I )=R-41(I )gc*2

46 CONT-INUE
CALL GOMTRY (NRNEC,'NER,N1,N,CLENTH,BLENTH,ANGLE)
CALL ZBRCH(NRN1,N9NECNERZ)
NE =NF C NF

CALL LINFO (NE,Z)
DO 45 1=1,N
MJ I )=o.

45 CONTINUE
READ (1,107) NF

107 FORMAT(2013)
WRITE (3,303)NF

303 FORMAT ('ONFI/13/'OFP VOLTAGE')
00 44 I=1,NF
READ (1911q) J1,V

119 FORMAT(13tM4.7)
WRITE (3,120) 19V

120 FOPMAT(lX,13,2E14.7)
ti(J1 )=V
IFP(I )J1

44 CONT INUE

I11 FORMAT (10CURRENTI/I I REAL IMAG MAGNITUDE
1 PHASE')

J31=0

Jl0. i201=0+.1
IF (J1-NF)6,8,fl
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00 '9 1 a-1,NP

r CM:CA9S( Iii)

JF(C T I) 1[-291
11 CPmAlAN?(AIMA(I) 9RIAL(0I1) )*572A5 R

I? CP=O.
10 CflNTINIJE

WRITF (3,-112) 1IC(I ),CtMCP
1-2 FORMAT (15,3El4o.qFI(o.3)

TFUNIA.FO.1) GO TO 4?
J I=NEB+NFC
fll 41- -1=2,N
.12=NFR
Of 41 1i=19NEB~

J2=J2+1

41 CON TI NIE
42 VINT I NE

113 FORMAT (1FIL PATTERN'/ K1l FOR THETA COMPONENT K=2 FOR PHI

1 CnmPONENTl/1O THETA PHI K REAL IMAG MAGNITU'

2E PHASE')
n0 17 IPH=1,2
PHI=( TPH-1)Vq0
PH=PHI *.0174533
D0 17 ITH=1,J195
THF=I TH-i
TH=TL4E*,0174533

CALL ROW (NTHPHE)
D0 16 K=192
(UlE(K)
GM=CABS (Ill)
IF (GM)13,13,14

14 EP=ATAN2 (AIMAG(t))REAl.(1'1))
GO TO 15

13 EP=O.
15 GP=EP*57.2858

WRITE (39114) THEPHIKI,1,GMtGP
114 FnRMAT(F6.,F5.0, 13,3EI4.7,FIO.3)
16 CONTINUEI
17 CONTINUE

G(1 TO I
500 SVIP

END0

//Gfl.SYSIN ))
2 4 6+O.6283185E+01+O.1250000E+OO+0.2500000E+OO+

9 0.OO

+0*1000000F-03
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N8 NFB NFC BK
2 4 6 O.6283184E 01

LFNGTH OF EACH BRANCH
0.1256600E 00

LFNGTH O)F rFNTFR WIRE
0*2500000F 00

ANGI LF

* 0.99q999E-04

Px
0.o 0.0 0.0 0.0 0.0 0.0 000
0.0 0.-0 0.0 0.-0 0.0 0.0 0.0

* 0.0 0.0 0.-0 0.0 0*1563E-01 0.'3125E-01 0*4688E-Ol

0.6250E-01- 0,78-13E-01 0,9375F-01 Oo1094E 00 0.1250E 00 0.0 000
0.0 -0.15 E0-.-2)-1-.6R-1 .20-1-.83-1001FP

-Oo-10<44F 00-0,1250E 00

py
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 010
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 000 0.0 0.0 0,0
0.0 -0.508'qE-08-0.1018E-07-0.1527E-07-0.2036E-07-0,2544E-07-0,3053F-07
-O)3li6P-,7-Oo407lE-07

P 7
0.0 0*1786F-01 0.3571E-01 0*5357E-01 097143E-01 0.Aq2qE-01 0,1071F 00
Ooll- 0f 00) 0,1429E 00 0,1607E 00 0*1786F 00 0.1964E 00 0.2143E 00) 0.2321E 00
0.?50OF 00 0,3571E-01 0.1786E-01 0.0 0.4906E-0k 0.981?F-0R 0.1472E-07
0.1qf.7F-07 0.2453E-07 0.2944E-07 093434F-07 0*3925E-07 0.3571E-01 0.17RAE-01
0.0 0.4406E-OR 0.4812E-08 0.1472E-07 0e),902E-07 0.?453E-07 0.2944E-07
0.3414F.-07 0.3Q25E-07

F P VOLTAGE
7 0.IOOOOOOF 01 0.0

CURN REAL IMAG MAGNITUDE PHASE

1 -0*51106qF-03 -0*4764'JOE-02 0.479223E-02 -Q6*105
2 -0.508337E-03 -0.437440E-02 0,4403R4E-02 -96.612
3 -0*471473F-03 -0.380Q23F9-0? 0.383829E-02 -97.039q
4 -Oo400A56E-03 -0*307407E-02 0.3l0009E-0? -97.412
5 -0.298497E-03 -0.21AS66E-02 0.?20RqE-02 -97o749
6 -0,167006F-03 -0,117641E-02 0.1188?0E-02 -9A.063
7 0.241828E-03 0,753195E-02 0*254337E-02 84.529
8 0.19537SE-03 0,14914RE-02 0,,200105E-02 84,382

4 0*13862qF-03 Oo13973?E-0? 0*140418E-02 R4.319
'" 10 0752E-04 0*744 8 6 3Ei-OB 0*7485S1RIE-'. 849273
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FIELD PATTERN

K=1 FOR THFTA CnMPONFNT K=2 FOR PH& COMPONENT

THFTA PHI K REAL IMAG MAGNITUE PHASE
0. 0. 1 O.1852449F-O1-0.240446E-02 0.j8679871--0l -7394
0. 0. 2-0.431R437E-08 0.2218754F-09 0.432465RE-OR 176.R96
i. 0. 1 0.?R11516E-01 0.46273?1E-02 0.2849Q341E-n 9.345
5. O. ?-O.4283006E-08 0.541097RE-09 0.4317,O4RE-0R 172.770

10. 0. 1 -0.3760987E-01 0.1145996E-01 0.393170q'-01 16.943
10. 0. 2-0.4232792E-08 0.8457961E-09 Oo4316465E-OR 168.671
15. 0. 1 0o4702598E-01 .0,1788098E-01 095031075E-01 20.815
15. O. 2-0.4168804E-OR 01143016E-OR 0,4322661E-0R 164.639
20,. 0. 1 0.56367S6E-01 0.236A479E-01 0.6114167E-01 22.7R7
20. 0. 2-0.4092520E-OH 0.14299q5E-08 0.4335156E-OR 160.712
?'i 0. 1 0.6562126E-01 0.2867664E-01 0,7161349-n1 23o601
259 O 2-0O40057q8E-08 O1-704222E-08 0#4353250E"OM 1.56.926
A0, O 1 0.7474923E-01 0.3267739E-01 0.1157974E-01 23.609
30. 0. 2-0.3qj084qE-08 O.1963477E-OR 0.4376066F-OR 153,314

35. 0. 1 0.836844E-01 0.3552905E-01 0,9091789F-01 22.qQ9
35. 0. 2-0.3810115E-08 0.2205868E-OR 0.4402590E-OR 149.905
40. 0. 1 0.9234822E-01 0,3710096E-01 0,9952223E-01 21.884
40. 0. 2-0.3706218E-08 02429835F-OR 0.4431719E-0R 146.725
45. 0. 1 0,1006104E 00 0,3729643E-01 0,1073008E 00 20.336
45. 0. 2-,.360186qE-08 0.2634155E-OR 0.4462311E-OR 143,796
50. 0. 1 Q.1083333E 00 0.3605935E-01 0,1141769E 00 18,407
50. 0. 2-()*3499781E-08 0,2817917E-09 0.4493231E-OR 141.135
55. 0. 1 0*1153556E 00 0,3338032E-01 0.1200880E 00 16.136
55. 0. 2-0.3402594E-08 0.2q80492E-08 0.o523379E-08 138,759
60o. 0, 1 0.1215046E 00 0.2930132E-01 0,1249R77E 00 13.556
60. 0, 2-0*3312790E-08 0.3121491E-08 0,4551733E-08 136.679
65. 0. 1 (.1266061E 00 0.2391834E-01 0.1288456E 00 10o696

65. 0. 2-0,3232655E-08 0.3240725E-0R 04577373E-08 134.905
70. 0, 1 0,1304952E 00 0.1738180E-01 0,1316477E 00 7.586
70. 0, 2-0.3164200E-08 0.3338133E-0R O,4599485E-08 133o444
75. 0. 1 0,1330277E 00 0.9892862E-02 0.1333951E 00 4.252
75. 0. 2-O.310q131E-08 093413756E-08 04617405E-08 132.303
$0. 0. 1 0.1340917E 00 0.16975RRE-02 0,1341023E 00 0.725
go. 0. 2-0*30687qqE-08 0.3467675E-08 0.4630579E-08 131.485
85. 0. 1 0.1336166E 00-0.6923538E-02 0*1337957E 00 -2,966
85. 0. 2-0*304419SE-08 0.3499985E-OR 0,463R643E-OR 130.993
qO, 0. 1 0.1315810E 00-0.1566721E-01 0.1325104E 00 -6.789

90. 0. 2-Oo3035932E-08 03510747F-0R 0464135RE-08 130.2q
95. 0, 1 0,128014qE 00-0.2422226E-01 0.1302R62E 00 -10.713
95. 0, 2-0.3044198E-08 0*3499985E-OR 0.463P643E-OR 130.993

100. 0. 1 0.1230005E 00-0.3228397F-01 0.1271666E 00 -14.704 j
100. O 2-O.306R799E-08 0,3467677E-0R 0.4630582E-08 13194R5

105. 0. 1 0.1166678E 00-0,3956900E-01 0.1231953E 00 -18.732
105. 0, 2-093109131E-08 0.3413756F-OR 0,4617405E-OR 132.303

L10. 0, 1 0.1091857E 00-0,4582763E-01 0,1184132E 00 -22o765

110. 0. 2-0,3164200E-08 03338133E-OR 04599495E-0R 133.444
115. O 1 0.1007528E 00-0,5085400E-01 01128594E 00 -26.777

115. 0. 2-0.3232657E-08 093240725E-08 0*4577373E-08 134,905

120. O 1 0.915R385E-O1-05449336E-01 0,106569RE 00 -30o748

120. 0. 2-0,3312790E-08 0,3121491F-0 0.4551733E-OR 136.679
125. 0. 1 0.818q15E-01-05664512E-01 O.9957R89E-01 -34.664
125. 0. 2-0*3402594E-08 0,2980492E-08 0,4523379E-08 138,759
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170. 0. 1-0*273745RE-02m-0*154836RF-01- Om.1572300E-0tl -100.009
170. Qs 2-f.423?779?F-08 0.83457476E-09 0.4316465E-!OR 168.-674

I T * e 1-0.1072789E-01-0-6631736E-O02 .162OFb --14 R-o 5.1
175.0 0-. 2-f.428306E-080.5410976E-09 0.431704AE-OR 172.770
190. 0. 1-0.lA52450E-ll O.2404514E-OP 0.1867,qR9E-01 172,574
180. 0.f 2-0.,43'18437E-08 O.2318762E-09 0.432465RETOR 176.0§96

0. c~o* O-5A(5C-0 -19.247
0. *90. 20104E0 .2-48E-?0.1867997E-Ol17.4
5. 90. -99953E-2O5231E0 0.1688255F-01 29.282
5. 90. 2-0*185244SE-01 0.24044A6F-02 0.iR679R7E-01 172.574

10. 90. I 0.1001302E-01 0.1048635F-01 09217130l9F-01 289873
10. 90. 2-0*185244RE-01 0,24044R5E-0? 0,1.867987E-01 172.574 I
15. '10. I OoMR5743F-O1 0.1532894F-01 09324-379IF-01 28.196
15. 90. 2-0).185244RE-Q1 0.24044A2E-02 0,1 679-87E-61 172.574
?0, 90. I 0*3R2248OF-0'i O.1,969456F-01 0.4300012F-01 27e254
20. 90. 2-0*1852448E-01 0'.2404482E-02 0.1R67987E-Oi -172.574
25* 90. 1 oi47191601E-01 0.234 -15('F-01 0O.-5333837F-01 26.055V
25. 90. 2-0.1852448E-01 0.2404481E-02 0,1867987E-01 172.*574

30. 90. 1 0.5762853E-01 0.2639677E-01 bo.33P63SE-01 24.606
30. 90. 2-0.185244RE-01 0,24044R1E-02 0,1867987E-01 172.574I:
35. 404, 1 0,6730169)E-01 0.2845493F-01 0.730717RE-01 22o918
35. 90. 2-Ool852448E-01 0.24044A0E-02 0019679R7E-01 172.574 1
40. 90. 1 0.7684592E-01 Co2950929F-01 0.'8231694F-01 21.003
40. 90. 2-0.185244RE-01 0,24044P0E-02 0.1867987E-01 172.574
45-, 90. 1 OoS614147E-01 0.9945792E-0-1 0.9103906F-01 18.876'I45. 90. 2-Oolg52448E-O1 0,2404479E-02 0.1R67987E-01 172o574
50. 90. 1 0*9504282E-01 0,2825044E-01 099915251E-01 16o551
50. 90. 2-Q.1852448E-01 0.2404479E-02 .MR67qR7E-01 172o574
55. 90. 1 nol1033820E 00 0.?586960F-01 OoIO65695E 00 14.046I.I55. 90. 2-nolR5244SIE-01 0,?404476E-02 0,186798SE-01 172.574
60. 90. 1 0,1104769E 00 0.2234155F-01 0.1132034E 00 11.3R0
60. 90. 2-0.18524A48E-01 0.2404476E-02 0,1867988E-01 172o574

150. 90. t. 0.4938317E-01-0*38844R2E-01 0*6283003F-01 -38.182

155s90*1 0*4239820-01-0.239712F-01 0952i941F-01 -360
15o ~o2-0.1852448E-01 0.24044F41E-02 0.186798$E-01 172.574
160oq~oI 0.152855-01-0.174100F-01 04.?14969F-01 -42.449
16990o 2-0*185244SE-01 0.24044R1E-02 0*18679B8E-01 172.574

90.o 1~ 0*78952397E-02-0.71374-01 0.1077222E-01 -42.7
175. 90, 2-0.1852448E-01 092404481E-02 0.IR4679RSE-01 172.574

180o 90. 1-0.3092213E-07 0.279622RE-07 0*416901-.E-07 137.854
180. 90o 2-0*185244SE-O1 0.24044P4E-02 0oIS679RRE-01 172.574

---------- ---------


